An oxygen-incorporated Mo silicide layer was explored to form the Mo nanocrystals after rapid thermal annealing. Transmission electron microscopy showed the nanocrystals embedded in SiO x . Charge-storage characteristics of Mo nanocrystals influenced by Mo oxide and its surrounding oxide were investigated through X-ray photoelectron spectroscopy and electrical measurement. X-ray photoelectron spectral analyses revealed a redox reaction in the oxygen-incorporated Mo silicide layer after rapid thermal annealing at a critical temperature. The memory window and retention were improved because of the reduction of Mo oxide. Furthermore, the double-layer nanocrystal structure was fabricated through the annealed stacked oxygen incorporated Mo silicide layer. A larger memory window and long retention were found for the double-layer nanocrystal structure. We used an energy band diagram to explain the difference in retention characteristics between single-and double-layer structures. Nonvolatile memory based on the floating gate structure plays an important role in portable electronic productions for its advantages of nonvolatility and low power consumption. However, scaling of the floating gate structure is limited by thin tunneling oxide in terms of reliability.
Nonvolatile memory based on the floating gate structure plays an important role in portable electronic productions for its advantages of nonvolatility and low power consumption. However, scaling of the floating gate structure is limited by thin tunneling oxide in terms of reliability. 1 To address this, discrete nanocrystals as a chargestorage layer have recently been investigated to replace the electrical continuous poly-Si layer in the floating gate structure. [2] [3] [4] Using discrete nanocrystals as charge-storage centers instead of a poly-Si layer can prevent the total stored charges from being lost through a leakage path in the tunnel oxide and therefore allows further scaling of the memory structure. Among nanocrystals, such as semiconductors, high-permittivity insulators and metal nanocrystals, the metal nanocrystals have received much attention than the others because the metal nanocrystals have the advantages of a higher density of states around the Fermi level, stronger coupling with the conduction channel, a wide range of available work functions, and smaller energy perturbation due to carrier confinement. 3 Nevertheless, metal interaction with the tunnel oxide is an important issue because the interaction will deteriorate memory retention. The interaction may occur during the thermal process in the fabrication process of the device, such as dopant activation. Li et al. proposed the use of a combination of Mo-MoSi x gate electrodes for dual-metal-gate technology on SiO 2 gate dielectric. 5 Their results show good thermal stability of Mo on SiO 2 and are compatible with the metal-oxide semiconductor field effect transistor fabrication process. However, little research has been done on Mo for nanocrystal memory applications.
In this study, nonvolatile memory characteristics of Mo nanocrystals embedded in SiO x were investigated by thermal annealing an oxygen-incorporated Mo silicide layer. Our experimental results show that Mo oxide was formed in the as-deposited layer. Lee et al. proposed that the cobalt-oxide in the charge-storage layer can depredate the memory window. 6 Therefore, they need an extra hydrogen annealing for 30 min at 300°C to reduce the cobalt-oxide to gain a large memory window. In our result, the Mo oxide can be reduced and the Mo nanocrystals can form after the rapid thermal annealing at a critical temperature without an additional long-term hydrogen annealing process. Furthermore, we employed a method of the Mo nanocrystal formation to fabricate the double-layer nanocrystal structure and investigated its memory characteristics. It was found that the double-layer structure provided an enhanced twodimensional storage with improved charge-storage characteristics.
Experimental
The process flow and memory structure are shown in Fig. 1 . The memory structures were fabricated on a 6 in. p-type Si substrate. A 5 nm thick dry oxide ͑tunnel oxide͒ was grown at 950°C on the substrate in a horizontal furnace after a standard RCA cleaning process. An 8 nm thick oxygen-incorporated Mo silicide layer was deposited on the tunnel oxide by cosputtering Mo and Si targets in Ar ͑24 sccm͒/O 2 ͑2 sccm͒ ambience. The blocking oxide was deposited by a plasma-enhanced chemical vapor deposition system at 300°C with precursor gases N 2 O ͑120 sccm͒ and SiH 4 ͑75 sccm͒. A thermal annealing process at 800 and 900°C was performed in N 2 for 60 s to investigate the temperature's influence on the memory characteristics of the oxygen-incorporated silicide layer. Finally, a 500 nm thick Al gate electrode patterned with a shadow mask was evaporated by a thermal coater to form the memory structures. For the double-layer memory structure, stacked oxygen-incorporated Mo silicide layers were deposited on the tunnel oxide with a 5 nm thick middle oxide layer between the two layers. Process numbers 4-6 in Fig. 1 were followed to form the metal-oxide semiconductor ͑MOS͒ structure. In process 5, the temperature was at 900°C. Trans-mission electron microscopy ͑TEM͒ and X-ray photoelectron spectroscopy ͑XPS͒ were used to analyze the microstructure and chemical composition of the nanocrystals and their surrounding oxide. Electrical characteristics of the capacitance-voltage ͑C-V͒ hysteresis were measured by an HP4284 Precision LCR Meter with frequency of 1 MHz. Figure 2 shows a plane-view TEM image of the 800-and 900°C-annealed samples. The average size of the nanocrystals is about 4 nm for both 800-and 900°C-annealed samples. The aerial density of the nanocrystals was estimated from a TEM image to be about 1.07 and 1.01 ϫ 10 12 cm −2 for both the 800-and 900°C-annealed sample, respectively. The lattice fringes are obvious in the figure, indicating crystallization of the as-deposited oxygenincorporated Mo silicide layer after 800 or 900°C annealing treatment.
Results and Discussion
To investigate the chemical composition of the oxygenincorporated Mo silicide layer after annealing, XPS analyses were performed using an Al K␣ ͑1486.6 eV͒ X-ray. Figure 3 shows the XPS Mo 3d and Si 2p core-level spectra. In Fig. 3a , the Mo 3d spectrum of the 800°C-annealed sample containing Mo-Mo and Mo-O bonds indicates the existence of metallic Mo and Mo oxide. [7] [8] [9] However, the Mo oxide was reduced for the sample after 900°C annealing, as shown in Fig. 3a . In the Si 2p spectra ͑Fig. 3b͒ there are Si-O bonds, indicating the existence of silicon oxide in the 800-and 900°C-annealed samples. For the 800°C-annealed sample, the peak position of Si-O bonds ͑102.9 eV͒ is less than 103.3 eV ͑binding energy of SiO 2 ͒. 10 This suggests that the oxide around the nanocrystals is incomplete ͑SiO x , x Ͻ 2͒. The peak position of Si-O 
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Journal of The Electrochemical Society, 156 ͑4͒ H276-H280 ͑2009͒ H277 bonds shifted toward higher binding energy for the sample annealed at 900°C. According to the literature, the increment of Si 2p binding energy is attributed to the oxygen bonding with insufficient silicon oxide. 11 The XPS results show that a redox between MoO x and SiO x occurred during the thermal annealing process. For the redox behavior in the oxygen-incorporated Mo silicide layer, the formation energy of Si oxide ͑−750 kJ/mol͒ is larger than that of Mo oxide ͑−450 kJ/mol͒. 12 Therefore, the oxygen of Mo oxide prefers to bond with Si rather than Mo during the thermal annealing at 900°C, which results in the reduction of Mo oxide and improves the quality of SiO x . Figure 4a and b shows the C-V curves for the 800-and 900°C-annealed samples, respectively. The curves were obtained after the gate voltage swept from the inversion to the accumulation region of the substrate ͑4 to −6 and 9 to − 11 V͒ and the reverse ͑−6 to 4 and −11 to 9 V͒. The hysteresis loop of both samples is counterclockwise due to substrate injection through the tunnel oxide. It can be found in the figure that the memory window changes with the amplitude of the sweeping voltage, because the V FB shift corresponds to stored charges divided by the capacitance of the blocking oxide ͑Q storage /C blocking ͒. Compared with the lower amplitude of sweeping voltage, more charge can be stored in nanocrystals at the higher amplitude, which results in the larger memory window ͑larger V FB shift͒. We note that the memory window for both samples is approximately at the smaller sweeping voltage range ͑4 to − 6 V͒. However, at the larger sweeping voltage range ͑9 to −11͒, the memory window for the 900°C-annealed sample ͑3.6 V͒ is twice larger than that for the 800°C one ͑1.3 V͒. According to XPS results, we speculate that the larger memory window for the 900°C-annealed sample was due to the reduction of Mo oxide that has been proposed as a semiconductor-like metal oxide. Therefore, the Mo oxide has lower density of state than metallic Mo for charge storage. The larger memory window of the 900°C-annealed sample has benefits with regard to retention tolerance and the circuit design of nonvolatile memory applications. In the retention mode ͑no external applied voltage on the device͒, the memory window will reduce as time passes due to charges lost from nanocrystals. The larger memory window can maintain a larger margin for the logic circuit to identify the different states ͑logic "0" and "1"͒, which can simplify the circuit design. Figure 5a and b shows the retention behavior of 800 and 900°C samples, respectively. The retention was measured at stress voltage of 10 V ͑programming state͒ and −10 V ͑erasing state͒ on the gate electrode for 5 s. The memory window is obtained by comparing the C-V curves of a charged state to a quasineutral state. The memory window of the 800°C-annealed sample decreased significantly and remained at ϳ11% after 10 4 s. In contrast, the retention of the 900°C-annealed sample remained at ϳ65%. The XPS results ͑Fig. 2͒ reveal that the different retention behaviors were related to the quality of the oxide around the nanocrystals. When charges are stored in the nanocrystals, the stored charges can escape laterally through the traps in the surrounding oxide. If the tunnel oxide has a leakage path, the escaped charges will leak into the substrate. Because the surrounding oxide quality of the 900°C-annealed sample was improved by the redox reaction between Mo oxide and SiO x , more charge remained in the Mo nanocrystals. Figure 6a is a cross-sectional TEM image of a double-layer nanocrystal sample. From the cross-sectional TEM in Fig. 6a , it can be found that the double-layer nanocrystals were formed after the 900°C annealing. Figure 6b is a C-V curve of a double-layer sample after the gate voltage is swept from the inversion to the accumula- 
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Journal of The Electrochemical Society, 156 ͑4͒ H276-H280 ͑2009͒ H278 tion region of the substrate ͑4 to − 6 V and 9 to − 11 V͒ and the reverse ͑−6 to 4 and −11 to 9 V͒. The C-V curve is also a counterclockwise hysteresis. It is seen that the memory window at the larger sweeping voltage of −11 to 9 V is about 6.6 V, which is larger than that of the single layer ͑3.6 V͒. Figure 7 shows a comparison of the memory window between the single-and double-layer structures at various amplitudes of sweeping voltage. It can be found that as the sweeping voltage increases, the memory window increases in both structures. We note that the memory windows of the double-layer structure are larger than those of the single layer. For the difference in the memory window between the single-and double-layer memory structures, we consider that the injected carriers can be stored in the nanocrystals at the upper and lower layer of the double-layer structure, leading to the larger memory window than the window of a single-layer structure. Furthermore, the increment of the memory window becomes less and saturates in the single-layer structure at sweeping amplitudes higher than 8 V. This phenomenon can be attributed to the charging energy effect. 2 As the sweeping voltage increases, the increment of memory window indicates the increase of stored charge in the nanocrystals. The stored charges in the single-layer nanocrystals can lead to a large charging energy, which reduces the electric field on the tunnel oxide and blockades the injected carriers into nanocrystals. However, there was no observed memory window saturation phenomenon in the double-layer structure. It was considered that the charges stored in the lower layer of the double-layer structure can be released to the upper layer, which reduces the charge energy in the lower layer. Therefore, the memory saturation phenomenon is not serious in the double-layer structure. The double-layer memory structure can increase the memory window and is preferred for applications in nonvolatile memory. Figure 8a and b shows the comparison of the retention between the single-and double-layer structure at room temperature and at 85°C, respectively. It can be found in Fig. 8a that the retention characteristics of both structures are similar. However, the retention characteristics at 85°C in Fig. 3b show that the double-layer structure has better retention ͑51% charge remained after 10 4 retention times͒ than the single-layer structure ͑23% charge remained͒. The good retention of the double-layer structure is due to the coulombic blockade effects on the upper-layer nanocrystals from the bottomlayer nanocrystals. As shown in Fig. 9b , after the charge is stored in the nanocrystals of both layers, the stored charges in lower layer nanocrystals can raise the electronic energy in the middle oxide to blockade the stored charges in the upper-layer nanocrystals. So the memory effects of the nonvolatile memory device can be improved by using the double-layer nanocrystal structure. 
Conclusion
Mo nanocrystals embedded in SiO x were fabricated for nonvolatile memory application through thermal annealing an oxygenincorporated Mo silicide layer. The average size and density of the Mo nanocrystals was estimated at about 4 nm and 1 ϫ 10 −12 , respectively. The XPS results indicated the existence of Mo oxide and SiO x in the oxygen-incorporated Mo silicide layer after an 800°C anneal and the Mo oxide was reduced after a 900°C anneal. The 900°C-annealed sample had better retention ͑65%͒ and a larger memory window ͑3.6 V͒ than the 800°C-annealed sample due to the reduction of Mo oxide. Furthermore, the double-layer nanocrystal memory was fabricated through annealing the stacked oxygenincorporated Mo silicide layer at 900°C. The results showed that the double-layer structure has a larger memory window ͑6.6 V͒ and better retention ͑51%͒ than the single-layer structure ͑23%͒ at 85°C. Therefore, the double-layer structure, which can enhance memory characteristics, is promising for applications in nonvolatile memory.
